Abstract. Mineral dust aerosols often observed over California in winter and spring, associated with long-range transport from Asia and the Sahara, have been linked to enhanced precipitation based on observations. Local anthropogenic pollution, on the other hand, was shown in previous observational and modeling studies to reduce precipitation. Here we incorporate recent developments in ice nucleation parameterizations to link aerosols with ice crystal formation in a spectralbin cloud microphysical model coupled with the Weather Research and Forecasting (WRF) model in order to examine the relative and combined impacts of dust and local pollution particles on cloud properties and precipitation type and intensity. Simulations are carried out for two cloud cases (from the CalWater 2011 field campaign) with contrasting meteorology and cloud dynamics that occurred on 16 February (FEB16) and 2 March (MAR02). In both cases, observations show the presence of dust and biological particles in a relative pristine environment. The simulated cloud microphysical properties and precipitation show reasonable agreement with aircraft and surface measurements. Model sensitivity experiments indicate that in the pristine environment, the dust and biological aerosol layers increase the accumulated precipitation by 10-20 % from the Central Valley to the Sierra Nevada for both FEB16 and MAR02 due to a ∼40 % increase in snow formation, validating the observational hypothesis. Model results show that local pollution increases precipitation over the windward slope of the mountains by a few percent due to increased snow formation when dust is present, but reduces precipitation by 5-8 % if dust is removed on FEB16. The effects of local pollution on cloud microphysics and precipitation strongly depend on meteorology, including cloud dynamics and the strength of the Sierra Barrier Jet. This study further underscores the importance of the interactions between local pollution, dust, and environmental conditions for assessing aerosol effects on cold-season precipitation in California. et al., 2008) , precipitation has always been very challenging to predict. Snow in the Sierra Nevada is California's largest source of fresh water. Understanding the factors contributing to precipitation and snowpack formation has important implications for predicting the hydrology and local climate of the region. This has motivated a series of CalWater field campaigns, carried out since 2009, to improve understanding of processes influencing precipitation and water supply in California.
Aerosols in the atmosphere can act as cloud condensation nuclei (CCN) or ice nucleating particles (INP) to modify cloud microphysical processes and potentially change the location, intensity, and type of precipitation (Tao et al., 2012) . Studies have shown that an increase in anthropogenic pollution can result in a reduction of precipitation from orographic clouds due to slow conversion of cloud droplets into raindrops Rosenfeld and Givati, 2006; Jirak and Cotton, 2006) and also reduce the snowfall rate of orographic clouds by reducing riming efficiency (Lowenthal et al., 2011; Saleeby et al., 2009; Rosenfeld et al., 2008; Borys et al., 2003) . Suppression of orographic precipitation by anthropogenic aerosols can be a significant problem along the US West Coast, where precipitation over the mountains is a major water source for the semi-arid region. Pristine air that comes from the Pacific Ocean becomes polluted over the densely populated coastal plains and the central Sierra Valley before ascending over the Sierra Nevada downwind. The westerly storm track during the cold season brings in episodic bands of high water vapor concentrations, also known as "atmospheric rivers" (ARs) that provide the potential for heavy precipitation and flooding. How pollution and clouds interact under AR conditions is not yet clear and is investigated in this study.
Besides the local pollution from the populated coastal plains and the Central Valley, long-range transport of Asian dust has been shown to impact western North American air quality (VanCuren and Cahill, 2002) . It is known that dust particles can be transported intercontinentally on the timescale of days (Uno et al., 2009) . Past observational studies also indicated that the long-range transported dust could act as effective ice nuclei and impact cloud properties and precipitation in the western and central US (Sassen, 2002; Pratt et al., 2009) . Recent analysis of observational data from the CalWater Early Start campaign (22 February to 11 March 2009) and CalWater2011 shows that dust and biological aerosols transported from northern Asia and the Sahara were present in glaciated high-altitude clouds in the Sierra Nevada coincident with elevated INP concentrations and iceinduced precipitation (Ault et al., 2011; Creamean et al., 2013) .
Mineral dust particles may act as cloud condensation nuclei (CCN) or ice nucleating particles (INP) (e.g., Karydis et al., 2011; Yamashita et al., 2011; Connolly et al., 2009; Marcolli et al., 2007) . The impact of dust through its role as CCN versus INP on precipitation from mixed-phase clouds is likely to have counteracting effects. Under a clean and moist environment, warm rain from low-level clouds alone can produce floods in the coastal mountain area (White et al., 2003) . Increasing CCN could make the conversion to raindrops less efficient for the low-level clouds, and also reduce riming efficiency for the mixed-phase clouds. However, increasing INP could increase the rimed mass and enhance the Wegener-Bergeron-Findeisen (WBF) process (i.e., ice particles grow at the expense of liquid particles due to the lower saturation vapor pressure over ice compared with that over liquid at a given temperature) due to enhanced ice formation (Fan et al., 2011; Saleeby et al., 2013) , and enhance precipitating ice particles such as snow. Ault et al. (2011) speculated that the increased precipitation in a dust case compared to a no-dust (conditions under which there is no longrange transported dust) case during the CalWater Early Start campaign was associated with long-range transported Asian dust particles that serve as INP and increase the riming rate. Creamean et al. (2013) further supported the hypothesis of Ault et al. (2011) by examining in situ aircraft and groundbased data. In addition, when INP are mostly absent in a cloud layer, supercooled drops can be abundant even at temperatures as cold as −21 • C .
Although significant insights have been gained through observational analyses of the potential impacts of aerosols on clouds and precipitation, distinguishing the contributions of different factors including meteorology or cloud regimes and aerosol compositions and concentrations is difficult. This challenge, however, can be greatly facilitated by the combined use of observational data and theoretical modeling to examine the contribution of mineral dust particles acting as INP on precipitation to test the hypothesis proposed by Ault et al. (2011) and Creamean et al. (2013) . More specifically, modeling studies are essential for qualitatively and quantitatively understanding the relative impacts of local anthropogenic pollution and long-range transported dust on cloud properties and precipitation.
To examine the effects of mineral dust through its selective role as INP, ice nucleation parameterizations have to be linked with aerosol properties such as number concentrations, surface area, etc. Most ice nucleation parameterizations used in cloud and climate models are formulated as empirical functions of only temperature and/or supersaturation (e.g., Fletcher, 1962; Young, 1974; Meyers et al., 1992; Cotton et al., 1986) , which cannot be used to examine the effects of aerosols that serve as INP. In recent years, new parameterizations (e.g., DeMott et al., 2010; Niemand et al., 2012; DeMott et al., 2013; Phillips et al., 2013) or modifications of existing parameterizations (e.g., van den Heever et al., 2006; Muhlbauer and Lohmann, 2009 ) have been made to link aerosols with ice nucleation. These recent developments allow us to investigate the INP effects of aerosols.
In this study, we incorporate recent developments in ice nucleation parameterizations to link ice nucleating aerosols with ice crystal formation in a spectral-bin microphysical Fig. 1 . Multi-channel RGB images from GOES-11 for (a) FEB16 and (b) MAR02. Images are from the VISST Cloud Product. In the figures, red was produced using the visible (0.65 µm) reflectance (R_65). Green was produced using the differences between the 3.9-µm and 11-µm brightness temperatures (T3.9-11). Blue was produced using the 11-µm brightness temperature (T11). This color combination allows discrimination between low, middle and high clouds. The peach-colored areas indicate low clouds, like stratus; the bright pink to white areas indicate high ice clouds like cirrus; and the red areas indicate mid-level clouds. There are some dark pink, almost red areas in Nevada and over the Sierra Nevada, which are snow-covered. model (SBM) (Khain et al., 2004; Khain and Lynn, 2009; Fan et al., 2012a) coupled with the Weather Research and Forecasting (WRF) model (Skamarock et al., 2005) . We employ the model to simulate two mixed-phase cloud cases from the CalWater 2011 field campaign in which mineral dust and biological particles were observed entering and affecting supercooled cloud layers. We examine how mineral dust and local pollution particles can potentially affect cloud microphysical properties and precipitation type and intensity. The two cloud cases and the related observations that are used for evaluation of simulations are detailed in the following section.
Observations
The CalWater 2011 field campaign was conducted from late January to early March, centered over the California Sierra Nevada. Aerosol, meteorology, cloud physics and microphysics data were collected using ground-based measurements, in situ aircraft observations, and satellite measurements (http://www.esrl.noaa.gov/psd/calwater/). One of the major goals was to advance our understanding of how orographic precipitation is impacted by anthropogenic aerosols and long-range transported dust. Aircraft measurements were taken on board the US Department of Energy Gulfstream-1 (G-1) aircraft. During the field campaign period, dust was often identified in precipitation samples (Creamean et al., 2013) . 15-16 February 2011 (referred to as "FEB16" hereinafter) , was one of the dust cases in which significant precipitation was produced in the form of snow. In spite of the cold temperature (surface T is lower than 0 • C), clouds on 15 February were confined to the lower altitudes and negligible ice was detected based on aircraft measurements. The lower-level clouds merged with the elevated cloud base over the foothills and became deeper in the afternoon of 16 February (Fig. 1a ). An AR of medium strength was present in this case (Neiman et al., 2008a, b; Ault et al., 2011) . ARs were identified by long and narrow plumes of integrated water vapor exceeding 2 cm. A Sierra Barrier Jet (SBJ), as often observed during AR events (Neiman et al., 2010) , was present with wind speeds of about 24 m s −1 . Heavy snow (78.7 cm) was observed at Norden (39.32 • N, 120.37 • W). The flight on 16 February (referred to as Flt0216) sampled very different clouds during its ascent and descent periods due to changing dynamics (Creamean et al., 2013) . During the ascent period (morning of 16 February), there were distinct cloud layers, including convective clouds (≤ 3500 m), which were decoupled from the boundary layer containing local pollution aerosols, and mid-level orographic clouds (∼4000-6000 m). During the descent (afternoon of 16 February), the boundary layer rose higher in altitude, coupling with the convective clouds.
Another cloud case that we simulate occurred on 1-2 March 2011 (referred to as "MAR02" hereinafter). In contrast to FEB16 with the westerly flow, airflow was southeasterly and parallel to the topographic gradients (discussed more in Results) with weak orographic forcing. A southwest subtropical jet moved over California and shallow clouds developed (Fig. 1b) . The AR was classified as medium strength (Neiman et al., 2008a,b) , similar to FEB16, but the SBJ was stronger (30 m s −1 ) on MAR02 than on FEB16. Snow was not observed at the Sugar Pine Dam (SPD) on 1 March but light snow was observed on 2 March. Clouds were low, with a vertical extent of only about 3 km. Compared to FEB16, this is a warmer case, with temperatures of about 5 • C higher at the same altitudes. For example, cloud temperature at 3 km above the Central Valley was about −13 and −8 • C on FEB16 and MAR02, respectively. There were two flights on MAR02: at 17:00-20:00 and at 22:00-23:58 UTC. These are referred to as Flt0302a and Flt0302b, respectively. Clouds sampled in Flt0302a were mixed-phase and convective, but then became shallow and liquid-only in Flt0302b.
The aerosol and cloud properties were measured by multiple instruments mounted on G-1, including a passive cavity aerosol spectrometer probe (PCASP) sizing particles with maximum dimension D between 100 to 3000 µm; a ultrahigh sensitivity aerosol spectrometer (UHSAS), measuring fine mode aerosol size spectra of 55-800 nm; a SPEC 2-Dimensional Stereo (2DS) optical imaging probe, which sizes droplets and ice crystals between 10 and 3000 µm; a Droplet Measurements Technologies (DMT) cloud droplet probe (CDP, 2 to 50 µm); and a DMT cloud imaging probe (CIP, nominally sizing between 25 to 1550 µm). The SEA Model WCM-2000 Multi-Element Water Content System is designed to measure liquid-water content (LWC) and total water content (TWC). When ice is present, the ice-water content (IWC) is derived by taking the difference between TWC and LWC. The aircraft data used in this study represent the best estimates of LWC, IWC, droplet (N w ) and ice particle number concentrations (N i ). It should be noted that the tips on the 2DS and CIP probes were modified to minimize shattering of large ice particles (Korolov et al., 2011) .
We obtained aerosol particle size distribution over the range 0.06-4 µm based on a combination of UHSAS and PCASP measurements by excluding cloudy points. The UH-SAS and PCASP were used for diameters less than and greater than 200 nm, respectively. Aerosol particle number concentrations with diameter larger than 0.5 µm were used as a proxy for mineral dust particle concentrations, representing an upper limit for ice-nucleating particles . Using this definition on FEB16, variable dust layers were observed between 3.5-6 km with the highest values of ∼2 cm −3 . On MAR02, the inferred dust concentrations were higher, with ∼4 cm −3 at 3-4 km in Flt0302a. Based on compositions measured in cloud and precipitation residues (Creamean et al., 2013) , the INP on FEB16 are likely mineral dust or biological aerosols. On MAR02, because clouds were shallower and warmer, not much cold rain was detected. Still, dust and biological aerosols were found in 60-70 % of precipitation residues and about 10% of cloud residues (Creamean et al., 2013) . Dust aerosols can be activated as CCN and thereby enter clouds and precipitation. However, since ice was measured in these clouds, it is possible that some dust or mixtures of dust and biological aerosols (referred to as "bio" hereafter) interacted with some clouds that were cold enough to form ice in this case. The INP concentrations were measured in situ by the continuous-flow ice thermal diffusion chamber (CFDC) Creamean et al., 2013) . The INP number concentrations measured within the dust layer as condensation and immersion freezing nuclei at (nominally) 105% RH by the CFDC were about 5 L −1 at a processing temperature of −30 • C in Flt0216. These INP concentrations are about 10 times higher than the measured concentrations from the previous day (i.e., Flt0215). Note that the clouds were warmer and no ice particles were significantly detected in Flt0215. For the two flights on 2 March, the CFDC-measured INP were on the order of 1 L −1 at −20 • C and 3-20 L −1 , depending on the altitude, and at a temperature of −30 • C.
Ground-based measurements of equivalent radar reflectivity factor (Z e ) and Doppler velocity by the NOAA (National Oceanic and Atmospheric Administration) S-band (2875 MHz) precipitation profiler (S-PROF; White et al., 2000) at Sugar Pine Dam (SPD) are directly compared with the simulated quantities from a radar simulator coupled with the SBM (Fan et al., 2009 ). Details about the radar simulator are described in Fan et al. (2009) . Surface precipitation from tipping buckets and other types of gauges deployed over the region are also compared with the modeled output.
Satellite-retrieved liquid-water path (LWP) is also compared with the model results. The observed LWP is from the satellite cloud products retrieved using the Visible Infrared Solar-Infrared Split Window Technique (VISST) algorithm (Minnis et al., 2006) . The data streams are pixel-level retrievals on ∼0.5 • latitude-longitude grid. Since the satellite retrieved ice-water path (IWP) has very large uncertainties, an evaluation of IWP is not carried out.
Model configuration and simulation design
Simulations were performed using WRF version 3.1.1 developed at the National Center for Atmospheric Research (NCAR) (Skamarock et al., 2008) WRF solves the fully compressible, nonhydrostatic Euler equations formulated on the terrain following hydrostatic-pressure vertical coordinates and the Arakawa C-grid. The model uses the RungeKutta second-and third-order time integration schemes, and second-to sixth-order advection schemes in both horizontal and vertical directions (Li et al., 2008) . The fifth-order advection scheme is used in this study. The monotonic technique is employed for advection of scalar and moist variables. The microphysical schemes used in the study are briefly described below.
Spectral-bin microphysics (SBM)

The original SBM
The spectral-bin microphysics (SBM) scheme used in this study is based on the Hebrew University Cloud Model (HUCM) described by Khain et al. (2004) , , and Khain et al. (2009 www.atmos-chem-phys.net/14/81/2014/ parameterization solves a system of kinetic equations for the size distribution functions for water drops, ice crystals (plate, columnar and branch types), snow aggregates, graupel and hail, as well as CCN. Each size distribution is represented by 33 mass doubling bins, i.e., the mass of a particle m k in the k bin is determined as m k = 2m k−1 . The CCN size distribution is calculated prognostically with sinks and sources, which include advection, droplet nucleation, and CCN regeneration from droplet evaporation (Fan et al., 2009 ). Scavenging of CCN by precipitation is not considered. CCN activation is calculated according to the Kohler theory, i.e., CCN with radii exceeding the critical value that is calculated based on supersaturation at a grid point are activated to become droplets, and the corresponding bins of the CCN spectra are emptied. The original model employs the parameterization of Meyers et al. (1992) for condensation freezing and deposition nucleation, and Bigg (1953) for drop freezing (i.e., immersion and homogeneous freezing). Use of these two schemes together may provide a liberal estimate of INP concentrations in the mixed-phase regime, as it is now recognized that CFDC measurements, which were the basis of the Meyers et al. (1992) parameterization, most likely account for immersion freezing nucleation (DeMott et al., 2011; Tobo et al., 2012) ; but homogeneous freezing of aerosol particles is not included in these schemes. More details about the microphysical processes included in the original SBM are provided in Khain et al. (2004) and Fan et al. (2009 ). Following Fan et al. (2012a , this study also employs Fast-SBM (Khain et al., , 2010 , in which ice crystal and snow (aggregates) in the full SBM are calculated on one size distribution with separation at 150 µm (referred to as low-density ice), and graupel and hail in the full version are grouped as high-density ice, represented by one size distribution without separation. No changes in the microphysical processes are made compared to the full SBM. The fast version was able to produce cloud microphysical and dynamical structure as well as precipitation similarly to the full SBM ).
Modifications of the SBM for this study
As discussed in Sect. 1, the ice nucleation parameterizations of Meyers et al. (1992) and Bigg (1953) employed in the original SBM do not connect aerosols with ice nucleation. To examine the effects of mineral dust (or a mixture of dust and biological aerosols with nucleating properties assumed to be similar to mineral dust) acting as INP, we modified the SBM to incorporate new ice nucleation parameterizations in which ice crystal formation is connected with aerosols. An additional prognostic variable for INP concentration was added to represent the sinks and sources of INP. We implemented the parameterization of in the SBM to connect with the prognostic ice nucleating aerosols. This parameterization specifically connects ice nucleation by full mineral dust size distribution with mineral dust particle concentrations at sizes larger than 0.5 µm (i.e., all aerosols > 0.5 µm in this study). The parameterization is an update of that of DeMott et al. (2010) , which was found to underestimate INP number concentrations in direct samplings of Saharan and Asian dust in both field and laboratory studies. The implementation uses independent exponential and power law dependencies of INP concentrations on temperature and aerosol concentrations, as suggested first by Tobo et al. (2013) , in the form N INP , T k = (CF) (n a>0.5 µm ) (α(273.16−T k )+β) exp(γ (273.16−T k )+δ) . CF is an instrumental correction factor with a value of 3. Coefficients α, β. ϒ, and δ are 0.0000594, 1.25, 0.46, and −11.6, respectively, for mineral dust particles . T k is temperature in kelvin, and N a>0.5µm represents aerosol concentrations (at standard temperature and pressure) with diameters larger than 0.5 µm and so N INP,T k is also referenced to standard temperature (273 K) and pressure (1013.5 mb) conditions. With this parameterization, the frozen fractions are about 2.9 × 10 −4 and 2.8 × 10 −2 for a dust concentration of 1 cm −3 at temperatures of −20 and −30 • C, respectively. For contact freezing, we adopt the implementation of Muhlbauer and Lohmann (2009) for the parameterizations described in Cotton et al. (1986) and Young (1974) to connect with INP. Therefore, besides horizontal and vertical advection, the INP sink terms are the immersion and contact freezing as described above, and the source terms are the initial and boundary conditions that are described in Sect. 3.2 for the case setup. Since INP number concentrations predicted by the DeMott et al. (2013) parameterization reference the number concentrations of aerosol particles larger than 0.5 µm, we represent dust with a single prognostic parameter in this study.
In this study, we implemented the parameterization of DeMott et al., 2013 for immersion freezing, that is, a preexisting liquid particle (droplet or drop) is consumed for each formed ice crystal determined by the parameterization (at the same time, an ice nucleus is removed from the INP category). Over the size spectrum of water drops, the largest drops freeze first, and then the smaller ones freeze when ice nucleation occurs. An upper limit of ice particle concentration was applied after nucleation to prevent excessive nucleation, i.e., the total ice particle concentration can not exceed the initial INP concentration set at a specific grid. With the prognostic INP and the upper limit constraint, we are able to simulate ice particle concentrations reasonably well. We do not include a parameterization for deposition nucleation in the simulations performed. Note that deposition nucleation of mineral dust is not supported, except for the largest supermicron particles, by laboratory studies in mixed-phase cloud conditions (DeMott et al., 2011; Hoose and Moehler, 2012; Sullivan et al., 2010; Tobo et al., 2012) . Nor is it supported by field observations (e.g., Stith et al., 2009; Field et al., 2012) . In a test using the deposition parameterization of Meyers et al. (1992) to predict INP concentrations (and connected with dust concentrations on the basis of van den Heever et al. (2006)), it was found that more than half of ice particles produced were less than 100 µm, while the observed ice particles in both cases are very large, with sizes generally larger than 200 µm, based on both the 2DS and CIP images (Fig. 2) .
Since new ice crystals form on tiny ice nuclei with at the dust sizes when activating in the deposition mode, so they are put into the first bin of the ice crystal spectrum which is about 4-5 µm in diameter, and thus a small ice crystal mode persists in the simulated clouds. For this reason, and the fact that the Meyers parameterization for deposition nucleation does not well represent the activation properties of mineral dust particles, simulations did not give results in good agreement with observed cloud properties. With our implementation of the immersion freezing (i.e., DeMott et al., 2013) as described above (i.e., the largest drops freeze first and then the smaller ones), we are able to obtain a majority of large ice particles in our simulations, matching better with observations.
Design of numerical experiments
Simulations are performed using realistic initial and lateral boundary conditions. Two nested domains with a horizontal resolution of 10 and 2 km are used ( Fig. 3) with 51 vertical levels. The numbers of horizontal grid points for domain 1 (coarse-grid domain) and domain 2 (fine-grid domain) are 138 × 134 and 301 × 281, respectively. We use the one-way nesting approach for the two-domain simulations. For FEB16, three-hourly NCEP (National Centers for Environmental Prediction) North American Model (NAM) Data at 32 km resolution is processed to provide initial conditions for both domain 1 and domain 2, and also to provide lateral boundary conditions for domain 1. domains 1 and 2 are run at the same time with a one-way nesting approach. For MAR02, the one-way approach is executed a little differently, i.e., domain 2 is run separately with initial and lateral boundary conditions obtained from a simulation with domain 1 alone (the so-called "nest-down" approach). The initial and lateral boundary conditions for domain 1 are obtained from the three-hourly NCEP North American Regional Reanalysis (NARR) data at 32 km resolution. Different nesting approaches and large-scale data are used for the FEB16 and MAR02 cases to achieve more realistic results compared with observations. For both cases, the lateral boundary conditions are updated every 3 h.
For FEB16, both domains are run with SBM cloud microphysics and the rapid radiative transfer model for global circulation models (RRTMG) (Iacono et al., 2008) short-wave and long-wave radiation schemes are used to account for aerosol-cloud-radiation interactions based on the droplet effective radius (r d ) calculated by SBM. With this connection, the long-wave positive forcing due to aerosol indirect effects is very significant for deep convective clouds as shown in Fan et al. (2012b) . For MAR02, the same SBM and RRTMG schemes are used in the single-domain run (domain 2).
The setups of CCN and dust concentrations for FEB16 and MAR02 are shown in Table 1 . Due to a lack of CCN measurements on these particular days, the initial CCN size distribution for the base run (i.e., LoCCN&Dust) is set using the PCASP measurements under cloud-free conditions and the total CCN number is adjusted based on the CDP-measured cloud droplet concentrations. As discussed in Sect. 2, clouds in the ascent period of Flt0206 were formed from the maritime clean air which was decoupled from the boundary layer due to weak inversion near the surface and have cloud droplet concentrations of only about 30 cm −3 (Rosenfeld et al., 2014) . On MAR02, cloud droplet concentrations are ∼120 cm −3 around the cloud bases. Therefore, the total CCN concentrations used in the base run (LoCCN&Dust) are ∼32 cm −3 for FEB16 and 145 cm 3 for MAR02 (Table 1) . The smallest and largest CCN bin sizes (in radius) are 0.05 and 2 µm for FEB16, respectively, and 0.063 and 2 µm for MAR02, respectively. Also based on the UHSAS and PCASP measurements, CCN are set to be uniform from the ground to 6.5 km for FEB16 (ignoring the CCN differences between the decoupled boundary layer and the layer above it, since aerosols from the decoupled boundary layer do not interact with the clouds above the boundary layer). For MAR02, CCN are uniform within 0-1.5 km, then reduced by half from 1.5-4 km. For altitudes above 6.5 km for FEB06 and 4 km for MAR02, an exponential decrease of CCN is employed. Sea-salt composition is assumed for CCN activation since the air was under relatively pristine marine aerosol conditions (Rosenfeld et al., , 2014 . This also makes our setup of total CCN concentrations based on the observed droplet concentrations valid since sea salt is easily activated under supersaturation. Section 2 discussed how we obtained the proxy dust concentration (N dust ), which is the sum of aerosol particles with diameters larger than 0.5 µm under clear-sky conditions. N dust was ∼1-2 and ∼4 cm −3 for FEB16 and MAR02 (Flt0302b only has about 1 min time period showing virtually no ice), respectively. Based on laboratory experiments, the fraction of dust particles acting as effective INP to form ice crystals is generally in the range of ∼ 4-5 × 10 −3 (Niemand et al., 2012) at temperatures ∼−22 • C. Based on this information, the ice crystal concentrations should be about 4-10 L −1 for FEB16 and < 20 L −1 for MAR02, which is close to the CFDC-measured effective INP and the ice crystal concentrations measured by 2DS in FEB16 (Creamean et al., 2013) . From the vertical distribution of dust, the location of dust is set at 3.5-6.5 km for FEB16 and 3-6 km for MAR02. The dust layer is applied to the entire horizontal domain. We understand that dust may also act as CCN. Given that the dust concentration is much lower (1-2 magnitudes) than the CCN concentrations in these cases, its CCN effect may be negligible. Therefore, only the effects of dust as INP are examined in this study. To examine the impacts of aerosol particles from local pollution versus long-range transported dust on the winter clouds and precipitation, we conduct three sensitivity runs besides the base run, which are referred to as "HiCCN&Dust", "LoCCN&NoDust" and "HiCCN&NoDust" (Table 1) . Local pollution particles in the Central Valley region and along the coastal plains are mainly anthropogenic, which increase CCN concentrations (Moore et al., 2012) . We assume no special INP properties for the pollution particles. Therefore, in HiCCN&Dust, based on the base run (LoCCN&Dust), we increase CCN concentration by 5 times over land grid points with topographic height less than 200 m, which covers the coastal plains and the Central Valley area as shown in Fig. 3 . In LoCCN&NoDust, the dust Atmos. Chem. Phys., 14, 81-101, 2014 www.atmos-chem-phys.net/14/81/2014/ layer is removed from the base run to examine the impact of dust as INP. HiCCN&NoDust is conducted so that we can examine the CCN effects under the condition of no dust, as well as the dust effects in the polluted condition (i.e., high CCN). Note that the background INP of 1 L −1 (Table 1) is set to be vertically uniform in the NoDust runs at the initial time step. It is used as input to the ice nucleation parameterization of DeMott et al. (2013) and the contact freezing parameterizations described in Sect. 3.1.2 for calculation of ice nucleation and is treated as being prognostically similar to dust particles. To avoid artificial dilution of CCN and INP by the inflow air from the lateral boundaries, CCN and INP sources are set at the lateral boundaries that include the outer 5 grid cells on each side of domain. Specifically, the CCN and INP at the lateral boundaries are the same as their initial conditions (Table 1) except for the boundary CCN in the polluted runs (i.e., HiCCN&Dust and HiCCN&NoDust). In those two runs, CCN at the lateral boundaries are set to be the same as those in the clean runs (Table 1) in order to mimic the clean airflow from the south and, which isolates the impact of pollution produced locally (not transported from other regions). CCN are diagnosed rather than predicted for cloudy points at the lateral boundaries to prevent excessive droplet nucleation (Fan et al., 2012a) .
Results
Comparison with observations
The base runs (i.e., LoCCN&Dust) of both FEB16 and MAR02 are evaluated with available observations from aircraft, satellite retrieved data, and surface precipitation data. Most importantly, a radar simulator (Fan et al., 2009 direct radar measurements from the ground-based S-PROF with the model-simulated values, which are calculated based on model-predicted size distribution for each hydrometeor. First, the accumulated precipitation from 00:00 to 23:00 UTC on 16 February for FEB16 and on 2 March for MAR02 for stations with values larger than 1 mm are compared with the corresponding results in the base runs (Fig. 4) . The model captures the observed spatial pattern of precipitation in both cases, i.e., heavier precipitation for stations on the windward side of the Sierra Nevada and lighter precipitation for stations along the Central Valley. For most stations over the mountains, the modeled precipitation agrees well with observations in both cases. The model underpredicts precipitation for most stations along the Central Valley for FEB16, but does a better job for MAR02. Figure 5 shows a comparison of the modeled cloud microphysical properties with in situ aircraft measurements. The observed droplet concentration (N c ) is from the CDP measurements with a size range of 2-50 µm and the modeled values are integrated over the same size range. On FEB16, the model reasonably reproduces N c and LWC during the ascent period of the flight, especially for the cloud layer below 3.5 km (Fig. 5a) . The model also captures the supercooled droplet layer above 3.5 km. The values of N i from the simulation are in good agreement with the 2DS measurements below 3.6 km. The 2DS was not operating above 3.6 km on Flt0216, but obviously ice particles are present since the Atmos. Chem. Phys., 14, 81-101, 2014 www.atmos-chem-phys.net/14/81/2014/ observed IWC is significant and the model captures it very well. IWC is approximately a few times larger than LWC (between 3.8-5.2 km), consistent with the observed large cloud ice fraction due to the dust layer (Fig. 2 of Creamean et al., 2013) . For MAR02, the simulation captures the vertical variation of N c very well. The modeled LWC values also agree with observations. Note that the large horizontal bars in the measured N c below 1.8 km suggest that the cloud field is highly variable. The modeled IWC is reasonably good, but N i tends to be lower than observed. The model simulates a few deeper clouds in the flight domain, resulting in the higher modeled cloud top seen in Fig. 5b . On the other hand, the aircraft did not fly above 4 km in Flt0302a, and we do not know if there were clouds above this height or not. The modeled LWP from the base runs is compared with the VISST LWP as shown in Fig. 6 . Note that the model values are averaged over the 50 km scale, which is close to the grid scale of ∼0.5 • for the VISST data at mid-latitudes. For FEB16, the modeled LWP agrees reasonably well with the VISST LWP in both magnitudes and spatial patterns, except for overestimating the LWP over the Sierra Nevada and southern California. For MAR02, the modeled LWP agrees with the VISST LWP over the mountains, but it is significantly lower than the observations over the coastal plains and the Central Valley. Figure 7 shows a comparison of the histograms of radar reflectivity (Z e ) and Doppler velocity (Vd) from S-PROF with those simulated by the radar simulator coupled with WRF-SBM. Note that the original observed data are at a frequency of ∼1 per minute. The data shown in Fig. 7 are sampled every 10 min to match with the model data. Since the S-PROF data are time series at a single point (SPD), the model data used in Fig. 7 are averages over four adjacent grid points around SPD. The model reproduces the observed probability distribution of Z e very well in both cases except for Z e larger than 20 dBZ. The model simulation underestimates the frequency of Vd > 1 m s −1 and Vd < -2 m s −1 compared to observations on FEB16, but does a much better job on MAR02, though it still underestimates the occurrence of Vd < −2 m s −1 . The underprediction of both large absolute Vd and high Z e indicates the simulated convection may be not as strong as the observed convection at the locations around SPD.
Aerosol effects
In this section, we examine how the local pollution particles and long-range transported dust change modeled cloud properties and precipitation and which is a more significant factor impacting local precipitation and climate for the cases simulated. Figure 8 presents the total rain and snow mass concentrations at the lowest model level (∼50 m above terrain height) in domain 2 from the four runs for FEB16 and MAR02. In the base run LoCCN&Dust, snow precipitation is significant in both cases because precipitation is mainly located over the Sierra Nevada, but the rain fraction is much higher on MAR02 (0.18 on FEB16 and 0.5 on MAR02), consistent with radar and satellite estimates given in Creamean et al. (2013) . As discussed in Sect. 2, MAR02 is warmer and the clouds are shallower. By removing the aerosol layer which has ice nucleating properties of mineral dust from the base run (LoCCN&NoDust), snow mass concentration is reduced by ∼35 % on FEB16 and ∼50 % on MAR02, while raindrop-mass concentration is increased by ∼3 times on FEB16 and only ∼30 % on MAR02. When examining the raindrops and snow in clouds (Fig. 9) , we find that on FEB16, the raindrop-mass mixing ratio is increased by ∼30 % when dust is removed, accompanied by a substantial reduction of snow mass (by 50 % over the mountains). The same trends exist on MAR02 but the changes are smaller (Fig. 10) , because the case is warmer and the clouds are shallower.
By comparing HiCCN&NoDust with HiCCN&Dust in Fig. 8 , we see that dust increases snow precipitation by similar magnitudes (i.e., 34 % on FEB16 and 47 % on MAR02) under the polluted condition compared with the clean condition in both cases. CCN effects decrease rain by 7-15 % and increase snow by 3 % under both dust and no-dust conditions on FEB16. On MAR02, CCN effects are very small because the pollution from the Central Valley does not reach most of the clouds; this will be discussed further.
To more clearly show where significant changes of precipitation occur from the coastal area to the Sierra Nevada, a cross section is used to compare the simulations (dashed gray line in Fig. 11a ). Surface precipitation accumulated during the day is integrated over a strip of area parallel to the blue line in Fig. 11a and then divided by the total number of grid points. Fig. 11b (FEB16) and 11c (MAR02) present the (b) , and (c) are for precipitating ice (i.e., snow + graupel but graupel content is negligible compared with snow) and (d), (e) and (f) are for raindrops. The data are averaged over the cloudy grids (with the sum of cloud water and cloud ice > 10 −6 kg kg −1 ) during 00:00-23:00 UTC and below 7 km. differences in the mean accumulated precipitation between the runs to compare the CCN and dust effects (percentage changes are presented in Fig. 11d, e) . By removing the dust layer under the clean condition (red solid line), the mean precipitation over the mountains can be reduced by up to 3.2 mm (∼15 %) on 16 February. Over the Central Valley, the reduction in mean precipitation is less (∼1 mm) but the percentage change is even larger. For MAR02, the reduction in precipitation by removing dust is small from the coast to Central Valley and in the mountains, but is up to 15 % on the windward slopes (west side of the mountains). Along the strips, dust effects on surface precipitation are more significant under the polluted condition (the red dashed line) on FEB16 but are similar to the clean condition on MAR02 (i.e., the red dashed line is very close to the red solid line in Fig. 11c ).
Therefore, Figs. 8-11 consistently show that dust increases snow precipitation dramatically over the region in both cases, for both high and low CCN conditions. Without the dust layers, snow can be reduced by 40-50 % and the precipitation over the Central Valley and the windward slopes (west slope) of the mountains can be reduced by 10-20 %. As the fraction of aerosols that serve as effective INP increases, freezing of water drops is enhanced, leading to much more snow formation (Table 2 ). The increase of snow is because of the stronger WBF and riming processes as the total riming growth is increased by three times and the total ice deposition growth is increased by five times in LoCCN&Dust compared with LoCCN&NoDust. We also see that ice deposition growth is dominant, which is about 20 times larger than the rimming growth in both dust and no-dust cases, consistent Atmos. Chem. Phys., 14, 81-101, 2014 www.atmos-chem-phys.net/14/81/2014/ with the findings of Saleeby et al. (2013) . Note that riming efficiency may be reduced due to the smaller ice particles size in the dust run, but the riming occurs more extensively due to increased ice particle number concentrations. Ice crystal number and mass concentrations are very small relative to snow in both dust and no-dust cases. In the model, ice forms through immersion and contact freezing of drops. As the large drops freeze first, it is likely that many of the ice particles formed are immediately placed in the snow category when their size is large than 150 µm. Without dust, both snow and ice number and mass concentrations are reduced by over 50 %, accompanied by an increase of raindrop number and mass concentrations (Table 2) . Therefore, by freezing more water drops mainly through immersion freezing (contact freezing contributes little since immersion freezing consumes most of the INP) when INP increases, dust particles increase snow precipitation by 10-20% over the Central Valley and the Sierra Nevada.
As for the effects of local pollution particles which serve as CCN, increasing CCN over the Central Valley and coastal plains (HiCCN&Dust) from the base run (LoCCN&Dust) increases the accumulated surface precipitation averaged over the grid points along the strips shown in Figure 11a on the windward slopes of the mountains for both cases (blue solid line in Fig. 11d and e) . In fact, in-cloud raindrop mass is reduced in HiCCN&Dust compared to LoCCN&Dust, especially over the Central Valley and the southern part of the mountains on FEB16 (Fig. 9e, f) , since the coalescence of smaller droplets is less efficient in forming rain in the polluted condition. Therefore, it is suggested that ice and snow contribute to the increase of surface precipitation. Comparing Fig. 9c with 9b , in-cloud snow increases in HiCCN&Dust from LoCCN&Dust, especially over the southern part of the Sierra Nevada. The results in Table 2 also show a similar trend when they are averaged over the domain. For MAR02, increasing CCN does not reduce raindrop-mass concentration over the Central Valley and snow over the mountains also does not increase (Fig. 10 ) compared with the base run, resulting in no change in both rain and snow near the surface, as shown in Fig. 8 .
Under the conditions of no dust and bio, the effects of local pollution on rain and snow near the surface are smaller: pollution aerosols suppress rain by 8 % and increase snow by 3 % on FEB16. Figure 11d shows that the surface precipitation from the Central Valley to the lower part of windward slope of the mountains is reduced by 5-9 % but is increased around the peak and lee side of the mountains on FEB16 (blue dashed line), consistent with Rosenfeld and Givati (2006) and in which dust was not present or considered. On MAR02, rain is suppressed by only 1 % and snow is increased by 3 % (Fig. 8; compare HiCCN&NoDust with LoCCN&NoDust), and the surface precipitation is also decreased slightly for the Central Valley but increased over the slope. Table 2 . Cloud microphysical properties from the simulations of (a) FEB16 and (b) MAR02. Data shown are averaged over all of grid points in domain 2 below 7 km during the day (00:00-23:00 UTC). The CCN effect is calculated by (HiCCN&Dust-LoCCN&Dust)/LoCCN&Dust · 100, and the dust effect is calculated by (LoCCNNoDust-LoCCN&Dust)/LoCCN&Dust · 100. The symbols in the Valley and the mountains. The increase of precipitation by the increased CCN occurs mainly on the upper slopes of the Sierra Nevada (Fig. 11) . In contrast to deep convective clouds, cloud top temperatures were warmer (> −36 • C), so increased droplet numbers in the polluted condition did not influence ice formation via homogeneous freezing. We see a significant increase of N c and reduced N r for clouds that ascend from the Central Valley to the foothills at the 800 m altitude. The suppression of warm rain in the Central Valley and foothills by the increased CCN (Fig. 9f ) allows more condensates (i.e., more droplet number and mass) to feed the ice generation regime on the upper slopes, leading to more snow formation through more riming and enhances precipitation. Note that both location and concentration of pollution are very important in determining whether riming and snow are reduced or increased. The hypothetical polluted environment simulated is moderate, since CCN are only increased by 5 times based on a very pristine condition of CCN ∼30 cm −3 . Furthermore, CCN are not increased over the mountain terrain so they are confined to the low-lying areas in the Central Valley and coastal plains. If CCN are increased over the entire domain, N c in the orographic clouds could increase sufficiently to reduce riming as the droplet size becomes too small. This highlights the sensitivity of aerosol-cloudprecipitation interactions to CCN relative to the complex terrain. Under the conditions without dust and bio, increasing CCN leads to an opposite effect on precipitation (i.e., decreases precipitation) from the Central Valley to the windward slope of the mountains on FEB16 as discussed above. This is consistent with the fact that when dust and bio are present (high INP), CCN increases precipitation due to increases of snow. Without dust and bio, ice nucleation processes become inefficient. The clouds behave like warm clouds, and increasing CCN suppresses precipitation as conversion of droplets to raindrops is less efficient. For orographic clouds, the suppression of warm rain processes results in more condensates being transported to the higher altitudes and the lee side of the mountains to form ice and snow, leading to more precipitation at those places as shown in Fig. 11b and Givati (2006), , and Jirak and Cotton (2006) , when dust was not present or considered.
Figures 8-11 also clearly show that increasing CCN over the Central Valley and coastal plains have much less impact on precipitation for MAR02 than FEB16. In clouds, both raindrop and snow mass concentrations on MAR02 change little from LoCCN&Dust to HiCCN&Dust (Fig. 10) . Averaged over domain 2, the reductions of raindrop number and mass from LoCCN&Dust to HiCCN&Dust are only 1-3 % for MAR02, much less than the 20 % reduction for FEB16 (Table 2 ). The same is true when there is no dust. Therefore, clouds on MAR02 are much less sensitive to the increase of CCN than those on FEB16. The reduced sensitivity of snow formed in the clouds for MAR02 is likely related to the warmer temperatures and shallower clouds compared to FEB16.
To understand why increasing CCN has little effect on raindrop number and mass concentrations for MAR02, we plot the vertical profiles of CCN, droplet and raindrop concentrations only for grid points where high CCN are applied in HiCCN&Dust (Fig. 12) . It is found that the increase of N c from LoCCN&Dust to HiCCN&Dust on MAR02 is not significant above 1 km, while the increase is very evident by a few times over the entire vertical profile on FEB16. The small change of N c for MAR02 is due to the negligible change of CCN above 1 km (Fig. 12d) . So the question is what makes CCN change so little above 1 km in this case, when the initial CCN in HiCCN&Dust over the entire vertical profile are increased by 5 times from LoCCN&Dust for both FEB16 and MAR02. Theoretically, CCN in HiCCN&Dust should be close to the blue line shown in Fig. 12d . Sensitivity tests performed with uniform CCN vertical distribution from 0-6 km for MAR02 show similar results, i.e., CCN decreases dramatically above 1 km. Therefore, the employed vertical distribution of CCN in the simulations is not a reason.
By examining the wind field at the altitude of ∼1.1 and 3 km in the Central Valley for FEB16 (Fig. 13) and MAR02 (Fig. 14) , we find very strong southwesterly wind blowing through the Central Valley associated with the strong SBJ described in Sect. 2 during 2 March (Fig. 14a) . In HiCCN&Dust where only CCN at the coastal plains and Central Valley are increased, the strong southwesterly wind quickly dilutes the CCN concentrations in the Central Valley area because the air from the western and southern boundaries is much cleaner (i.e., CCN at the boundaries in HiCCN&Dust are prescribed the same as in LoCCN&Dust). Therefore, the CCN in the Central Valley would have little impact on precipitation since they are not entrained by the upslope flow that generates orographic precipitation in the mountains. Note that open boundary conditions are used in the simulation so CCN can exit the domain from the northern boundary. To further validate the hypothesis, we performed a sensitivity run (red line in Fig. 12e, f) based on HiCCN&Dust, but with polluted CCN concentration at the southern and western boundaries. Clearly, CCN concentrations above 1 km are much larger compared with that in HiCCN&Dust (close to the blue line except around the cloud base where nucleation scavenging occurs). Therefore, Nc (cloud droplet number concentration) is a few times higher correspondingly, and Nr is reduced by over 30 %. These results support the idea that clean boundary air advected to the inner domain dilutes the local pollution over the Central Valley quickly and results in small CCN impact on clouds and precipitation. By contrast, on FEB16, wind at the Central Valley is very weak and the airflow is westerly, which passes through high-CCN regions such as the coastal plains in HiCCN&Dust (Fig. 13a) . To validate the modeled wind fields, we plotted the observed wind from the wind profilers at four stations shown in Figs. 13 and 14 (red color). The simulated wind direction and strength match very well with observations at both lower and higher altitudes on MAR02. The modeled wind fields also agree well with observations at the higher altitudes on FEB16, but do not agree with the observed southerly winds at the lower altitudes before 12:00 UTC. However, the southerly wind from the profilers might be suspicious because the system in this case is dominated by westerly winds as described in Creamean et al. (2013) .
Besides horizontal advection, vertical mixing is another important factor that can contribute to the CCN and droplet concentrations above 1 km. As shown in Fig. 15 , consistent with the SBJ that develops in more statically stable conditions, the updraft mass flux is very weak on MAR02 compared to FEB16, where it is more than 2 times larger. Therefore, the transport of CCN and droplets from the lower altitudes is negligible on MAR02. The observed vertical profile of N c shown in Fig. 5b is consistent with the small updraft flux. Therefore, the strong dilution by the southerly clean air due to horizontal advection combined with the small vertical transport from altitudes below 1 km lead to the small change of CCN above 1 km from LoCCN&Dust to HiCCN&Dust on MAR02. Below 1 km, wind is much weaker and the direction is more southwesterly; therefore, CCN are much less diluted by the clean air from the lateral boundaries compared to the CCN at higher altitudes. On FEB16, CCN over the entire vertical profile are not diluted because the inflow air is westerly which pass through high CCN regions in the coastal plains. So, the increased values of CCN by five times from LoCCN&Dust to HiCCN&Dust (Fig. 12a ) result in significantly higher cloud droplet concentrations, and raindrop number and mass concentrations are also significantly reduced by more than 20 % (Fig.12c and Table 2 
Conclusions and discussion
Two winter mixed-phase cloud cases occurring on 16 February (FEB16) and 2 March (MAR02) from the CalWater 2011 field campaign have been simulated using the WRF model with a spectral-bin microphysical scheme in which ice nucleation parameterizations are updated to connect with INP so that the effects of aerosols as INP can be explored. The base runs of the two cases are evaluated with a wide range of observations including in situ aircraft measurements of cloud microphysical properties, surface precipitation data, satellite retrieved data, S-PROF radar measurements, and wind profiler data. The model simulations agree reasonably well with the observational data, especially for cloud droplet number concentrations, LWC and accumulated precipitation, despite the complexity of the dynamics and terrain of the region. By mimicking local pollution from the coastal plains and Central Valley area where particles are effective CCN and including dust and biological aerosol layers that provide effective INP at cold cloud levels, we have examined the effects of local pollution and long-range transported mineral dust on cloud microphysical properties and precipitation. In this study, we do not distinguish the actual composition of the aerosols that are effective INP in forming ice, but evidence from the cloud and precipitation residues suggest the presence of mineral dust and biological particles on FEB16 transported aloft from Asia or the Sahara (Creamean et al., 2013) and dust and biological aerosols on MAR02, which we assumed to have similar ice nucleating properties as mineral dust. Model sensitivity experiments indicate that the enhanced INP number concentrations provided by the dust and biological aerosols increased precipitation over the Central Valley and Sierra Nevada Mountain area by 10-20 % on FEB16 and MAR02, by means of increasing (∼40 %) snow formation. These dust effects are more significant in conjunction with the local pollution condition (i.e., high CCN) on FEB16. Note that the sensitivity run without the dust layer represents a condition of very low INP. Therefore, the dust effects shown in this study can be treated as the upper bound.
Increasing the local pollution particles increases precipitation by ∼5 % with the presence of a dust layer serving as INP, mainly an increased snow-mass mixing ratio on the windward slopes of the Sierra Nevada. The reason for the increased snow under the polluted condition is that the suppression of warm rain in the Central Valley and foothills by the increased CCN allows more droplets to feed the icegeneration regime of the orographic clouds, increasing snow through more riming. As discussed earlier, this result could be sensitive to the location and concentration of the local pollution prescribed in the model experiments. However, when dust (INP) is lacking, increasing local pollution (CCN) reduces precipitation by 5-9 % from the Central Valley to the windward slope of mountains as ice microphysical processes become inefficient. Therefore, for the winter clouds under the meteorological conditions described, precipitation is much more susceptible to mineral dust particles acting as INP after transport from Asia and the Sahara (Creamean et al., 2013) , and less sensitive to aerosols from local pollution that act as CCN.
Since the winter mixed-phase clouds simulated herein do not reach homogeneous freezing temperatures, there is no mechanism to freeze the large amount of droplets in the polluted condition. Hence CCN effects on ice microphysical processes are much less significant than in deep convective clouds (Fan et al., 2007) , especially for MAR02 when clouds are warmer and shallower. The INP influence mixed-phase clouds mainly through the WBF process, as ice deposition growth is about 20 times larger than riming growth.
The effects of local pollution on warm rain strongly depend on the meteorology and cloud dynamics. As is often observed during the passage of an atmospheric river, an SBJ develops on the foothills of the Sierra Nevada during both FEB16 and MAR02. On FEB16, the atmosphere was less statically stable so the SBJ was not too strong and vertical transport was moderate. In addition, the low-level airflow had a westerly component that passed over the polluted coastal plains. Under such conditions, increasing CCN enhances droplet number concentration over the entire cloud profile and suppresses raindrop formation significantly. On MAR02, however, there was a stronger SBJ and weak vertical transport associated with more stable atmospheric conditions. Dominated by the SBJ at the lower levels, the airflow was more southerly. This vented the valley air to the north and diluted the CCN entering clouds crossing over the Atmos. Chem. Phys., 14, 81-101, 2014 www.atmos-chem-phys.net/14/81/2014/ mountain barrier. Together with the weak vertical transport, increased CCN only increased droplet number concentration in the low-level clouds (< 1 km) and had little impact on the droplets and raindrops above them. Since relatively thin layers of low-level clouds do not produce much rain, increasing CCN has little effect on rain under such conditions. Because of the little impact of CCN on droplets and raindrops due to the particular meteorological conditions and cloud dynamics in this case, CCN impacts are similar under both dust and no-dust conditions, and dust effects are also similar whether the condition is clean (low CCN) or polluted (high CCN). This study provides a better understanding of not only the properties of orographic clouds and precipitation in a region with complex terrain, but also the potential impacts of anthropogenic aerosols and transported dust on precipitation and local climate. In the Sierra Nevada region of California, water supply depends heavily on precipitation over the mountains that accumulates as snowpack on the ground. The snowmelt-driven streamflow is important for providing water for irrigation in the Central Valley in the summer. By moderating the intensity, phase, and spatial distribution of precipitation, local pollution and transported dust can have important implications for managing long-term water supplies. More studies combining observations and modeling over long time periods are needed to provide further insights on the effects of aerosols on clouds and precipitation under different meteorological conditions.
Supplementary material related to this article is available online at http://www.atmos-chem-phys.net/14/ 81/2014/acp-14-81-2014-supplement.pdf.
